Background -When the demand placed on the respiratory system is increased, the abdominal muscles become vigorously active to achieve expiration and facilitate subsequent inspiration. Abdominal muscle function could limit ventilatory capacity and a method to detect abdominal muscle fatigue would be ofvalue. The maximum relaxation rate (MRR) of skeletal muscle has been used as an early index of the onset of the fatiguing process and precedes failure of force generation. The aim of this study was to measure MRR of abdominal muscles and to investigate whether it slows after maximum isocapnic ventilation (MIV). Methods -Five normal subjects were studied. Each performed short sharp expiratory efforts against a 3 mm orifice before and immediately after a two minute MIV. Gastric pressure (PGA) was recorded and MRR (% pressure faIll/O ms) for each PGA trace was determined. Results -Before MIV the mean (SD) maximum PGA MRR for the five subjects was 7-1 (0.8)% peak pressure fall/lO ms. Following MIV mean PGA MRR was decreased by 30% (range 25-35%), returning to control values within 5-10 minutes. Conclusions -The MRR of the abdominal muscles, measured from PGA, is numerically similar to that described for the diaphragm and other skeletal muscles. After two minutes of maximal isocapnic ventilation abdominal muscle MRR slows, indicating that these muscles are sufficiently heavily loaded to initiate the fatiguing process.
Abdominal muscles are the principal muscles of expiration. In normal subjects abdominal muscles do not usually contract during quiet breathing.'2 When the demand placed on the diaphragm and the other inspiratory muscles increases, a rhythmic expiratory contraction of the abdominal muscles is observed. 3 It is thought that recruitment of abdominal muscle assists diaphragm and inspiratory muscle function. 4 In normal subjects during resistive breathing and maximum isocapnic ventilation (MIV) inspiratory muscle fatigue can occur in terms of a fall in twitch transdiaphragmatic pressure (TwPDI) or slowing of the maximum relaxation rate (MRR) of the inspiratory muscles. [5] [6] [7] [8] In mechanically ventilated patients who fail to wean, slowing of inspiratory muscle MRR has been demonstrated. 9 When the respiratory muscles are excessively loaded the role of abdominal muscles could be equally critical. The abdominal muscles are recruited during MIV, resistive breathing, CO2 rebreathing, and heavy exercise in normal subjects. In patients with chronic obstructive pulmonary disease (COPD) abdominal muscle use is prominent during exercise.'01' A method to detect the possibility of abdominal muscle fatigue in circumstances in which this muscle group is heavily recruited has not yet been established. The only test of expiratory muscle force generating capacity presently available is maximum expiratory pressure (PEmax), but this is of limited value in the assessment of expiratory muscle fatigue since it is volitional. In a recent study changes of the centroid frequency of the abdominal muscle electromyogram (EMG) detected in normal subjects during threshold loading were suggestive of abdominal muscle fatigue.'2 However, such EMG changes are not specific to fatigue. '3'4 Slowing of the MRR of skeletal muscle has been used as an early index of the onset of the fatiguing process" and precedes failure of force generation.'6 Based on previous studies using sniff oesophageal pressure (POEs) and PDI to measure inspiratory muscle MRR,5-8 1617 we hypothesised that abdominal muscle MRR could be assessed from gastric pressure (PGA) traces obtained during a short sharp expiratory manoeuvre. To establish whether the technique was capable of detecting slowing of abdominal muscle MRR, we studied the effect of a two minute MIV on PGA MRR.
Methods
Five normal subjects familiar with respiratory manoeuvres and the purpose of the study were recruited. All were in good health and without respiratory disease. The study was approved by the local ethics committee.
Gastric pressure (PGA) and oesophageal pressure (POES) were measured using commercially available balloon tipped catheters, 110 cm in length ( Transdiaphragmatic pressure (PDI) was defined as the difference between PGA and POES. All these pressure traces were displayed continuously during the study. Maximal isocapnic ventilation was performed with apparatus previously described.7 Briefly, the subject inhaled from a six litre anaesthetic bag supplied with an air/0,/C02 mixture. Inhaled gas composition and end tidal carbon dioxide tension (PETCO2) were monitored with a Hewlett-Packard 78356A gas monitor (Hewlett-Packard Waltham, Massachusetts, USA). PETCO2 was maintained at 5-5 + 0-5 kPa by adjustment of the inhaled carbon dioxide concentration. All measurements were made with the subjects seated. They were asked to perform short sharp expiratory manoeuvres through a flanged mouthpiece, the distal end of which had a resistance created by a 3 mm orifice. A noseclip was worn. They were instructed to begin the manoeuvre at the end of a normal expiration. End expiratory POES was marked on the computer screen to help the subjects perform the manoeuvres from functional residual capacity (FRC) . After a brief period of training, expiratory manoeuvres of different peak pressure amplitude were recorded. This broad range of baseline pressures allowed us to compare PGA MRR after MIV with baseline PGA MRR for the same peak pressure amplitude. Following the acquisition of baseline MRR data the subjects performed MIV for two minutes. All of them were familiar with the technique. They were asked to maintain the highest possible ventilation for as long as the run lasted. Throughout the run the subjects were vigorously encouraged verbally. No specific instructions were given about the tidal volume (VT), the duty cycle (TI/TToT), or the respiratory frequency. POES, PGA, and expiratory flow were recorded throughout the run.
Pressure-time products were calculated as the product of mean pressure, inspiratory time, and respiratory rate. The beginning and the end of inspiration were determined from the flow signal. This is accompanied by some flow and a small volume change. During this expiratory manoeuvre four abdominal muscles are contracting lationship of inspiratory muscle MRR with sniff peak pressure amplitude and found that MRR became progressively faster as pressure amplitude increased, especially up to 60% of maximum. 27 We also found that abdominal muscle expiratory manoeuvres from the end of expiration and from the same baseline oesophageal pressure. Furthermore, in a previous ussion study in which a two minute MIV was used to ave described a technique to measure the load inspiratory muscles, magnetometer traces ation rate of abdominal muscles and have indicated that end expiratory lung volume did ;tigated whether the MRR of abdominal not alter significantly during the run.7 Muscle -les changes after MIV.
------------------------------
length could change during the expiratory maniring a dynamic inspiratory manoeuvre oeuvre because of gas compression and changes as sniff, the inspiratory muscles contract in lung volume due to flow through the 3 mm short period of time and then become orifice. However, any influence of volume rically silent as judged by EMG change during the manoeuvre would be of -dings.56 At this point the relaxation phase equal magnitude before and after MIV and e contraction begins and the tension de-thus would not account for any change of is reflected in the pressure decay curve. MRR. assumption that the MRR of the inExpiratory muscle activity persisting into the tory muscles can be measured from res-decay phase of PGA could decrease the rate of ory pressures is based on the observation fall in pressure, causing an apparent slowing of the MRR of the inspiratory muscles is the relaxation rate. However, the abdominal erically similar to limb muscle, slows with EMG recordings showed that the electrical ustive inspiratory loading, and recovers activity of these muscles stopped at the peak the expected time course.5-816172526 To pressure point. This was true both before and ,ure MRR of the expiratory muscles we after MIV. Surface electrode measurements loped a manoeuvre which requires a vig-underestimate the activity of the deep abs brief contraction of the abdominal dominal muscle layer during respiration -the -les. Subjects were asked to perform a short activity of the transversus abdominis28 -which expiratory manoeuvre against an orifice. is the most prominent expiratory muscle in man. Nevertheless, during volitional expiratory manoeuvres the transversus abdominis muscle acts synchronously with the other abdominal muscles. 28 The electrical activity of the superficial muscle layer can therefore be used to assess the beginning and the end of the activity of all four abdominal muscles with reasonable accuracy.
With the method we used some activity of the abdominal muscles could go undetected because of the background noise of the EMG signal. Nevertheless, we could detect EMG activity produced by expiratory efforts creating gastric pressures as low as 6-8 cm H20. We believe that, even if a sustained muscle contraction had taken place during the relaxation phase, it would have been of such magnitude that it could not seriously affect our results. This is also supported by the observation that the abdominal muscle relaxation rate measured from stimulated contractions slows following MIV.
Diaphragmatic activity could affect abdominal muscle MRR measurements if it generated gastric pressure during the relaxation phase of the abdominal muscles. This could happen only if contraction of the diaphragm was accompanied by a simultaneous downwards displacement. "Stiffening" of the diaphragm during the expiratory manoeuvre without any downwards displacement will only contribute to a poor transmission of gastric pressure in the thoracic cavity and therefore to PDI generation. Mean PDI for the five subjects during the baseline expiratory manoeuvres was 404 cm H20 (range 31-62). Two possible mechanisms could explain this poor transmission of gastric pressure into the thoracic cavity during the manoeuvre: the "inspiratory" action of the abdominal muscles on the lower rib cage and/or the simultaneous activation of the diaphragm. During contraction of abdominal muscles the rise in abdominal pressure is transmitted to the lower rib cage at the zone of apposition resulting in an inflationary action.21 30 Furthermore, the diaphragm is forced cranially and stretched, and this passive diaphragmatic tension tends to raise the lower ribs in a way similar to that seen during active diaphragmatic contraction. 29 We do not know how much this mechanism could account for the observed PDI during the manoeuvre. In three patients with bilateral paralysis of the diaphragm assessed by magnetic and electrical stimulation of the phrenic nerves who performed the expiratory manoeuvre, PDI was observed but it was considerably less than the PDI observed in our subjects.3' The observation that the PDI generated during the expiratory manoeuvre was less in patients with bilateral paralysis of the diaphragm suggests that some activation of the diaphragm could also take place during this manoeuvre and contribute to the poor transmission of the gastric pressure to the thorax. This is not surprising as it has previously been shown that there is diaphragmatic EMG activity during cough and dynamic expiratory manoeuvres." 13 We measured the EMG of the diaphragm during the expiratory manoeuvre in one subject and observed that the diaphragm was active during the abdominal muscle contraction phase. During the relaxation phase the diaphragm was almost silent and could not therefore contribute to any pressure generation.
In this study the pressure-time product during MIV of gastric, oesophageal, and transdiaphragmatic pressures are similar to those described in a previous study. 20 We also found a strikingly high expiratory gastric pressuretime product during expiration, which showed a bigger drop than the oesophageal and transdiaphragmatic pressure-time products. During MIV vigorous abdominal muscle contraction is necessary to overcome the high airway resistance of rapid expiratory flow rates and to decrease expiratory time to achieve high breathing frequencies. 34 It is probable that contraction of abdominal muscles could also contribute to inspiratory muscle performance by optimising diaphragm function by lengthening muscle fibres.3536 Inspiration during MIV begins from a low lung volume so part of the inspiratory work of breathing is shared by expiratory muscles. During MIV the highest level of ventilation cannot be sustained for long.72037 The rapid decline of ventilation and inspiratory pressures has recently been shown to occur in parallel with a slowing of the MRR of the inspiratory muscles. 7 We have shown that the substantial decline in ventilation and pressure generation observed during MIV is also associated with slowing of expiratory muscle MRR. This implies that abdominal muscle fatigue may contribute to the decline in performance observed during MIV.
We conclude that the MRR of abdominal muscles measured from gastric pressure is similar to that described for the diaphragm and other skeletal muscles. During MIV the expiratory muscles are excessively loaded and show signs of fatigue, as judged by the slowing of their relaxation rate. The time course of recovery of PGA MRR is similar to that for other skeletal muscles.
